Hydrogen peroxide (H 2 O 2 ) produced by cell-surface NADPH Oxidase (Nox) enzymes is emerging as an important signaling molecule for growth, differentiation, and migration processes. However, how cells spatially regulate H 2 O 2 to achieve physiological redox signaling over nonspecific oxidative stress pathways is insufficiently understood. Here we report that the water channel Aquaporin-3 (AQP3) can facilitate the uptake of H 2 O 2 into mammalian cells and mediate downstream intracellular signaling. Molecular imaging with Peroxy Yellow 1 Methyl-Ester (PY1-ME), a new chemoselective fluorescent indicator for H 2 O 2 , directly demonstrates that aquaporin isoforms AQP3 and AQP8, but not AQP1, can promote uptake of H 2 O 2 specifically through membranes in mammalian cells. Moreover, we show that intracellular H 2 O 2 accumulation can be modulated up or down based on endogenous AQP3 expression, which in turn can influence downstream cell signaling cascades. Finally, we establish that AQP3 is required for Noxderived H 2 O 2 signaling upon growth factor stimulation. Taken together, our findings demonstrate that the downstream intracellular effects of H 2 O 2 can be regulated across biological barriers, a discovery that has broad implications for the controlled use of this potentially toxic small molecule for beneficial physiological functions.
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growth factor signaling | redox biology | reactive oxygen species | fluorescent sensor | membrane regulation H ydrogen peroxide (H 2 O 2 ) is garnering increased attention as a molecule involved not only in immune response and oxidative stress, but also as a physiological effector in essential cellular processes (1) (2) (3) (4) (5) . Seminal contributions have elucidated ligand stimulants (6) (7) (8) (9) (10) and enzymatic sources (11) (12) (13) for cellular H 2 O 2 production as well as putative downstream targets (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , but principles of how this reactive oxygen species (ROS) is spatially and temporally regulated to promote redox signaling over oxidative stress pathways remain insufficiently understood. Because many of the signaling functions of H 2 O 2 rely on its generation by nonphagocytic forms of NADPH (Nox) proteins on the extracellular side of cell membranes, understanding how cells funnel H 2 O 2 toward beneficial pathways in these locales is of significant interest. Despite its reactive nature, H 2 O 2 has been long thought to be freely diffusible across biological membranes in a manner akin to the related canonical small-molecule signal nitric oxide (NO) (25) . More recent studies implicate the role of AQP water channels, a class of membrane-spanning proteins that facilitate the diffusion of water and other substrates with varying specificity (26) (27) (28) , in mediating H 2 O 2 passage across the plasma membrane of reconstituted yeast (29) and plant (30) cells. However, given that the experiments described in these reports utilized nonspecific chemical reagents for determination of the redox signal that was passed into the cell, direct evidence that aquaporins influence the cellular uptake of H 2 O 2 in a native context remains elusive, and no studies have addressed higher-order mammalian systems. More importantly, the potential physiological consequences of regulating H 2 O 2 have not been elucidated.
We now report an H 2 O 2 -selective small-molecule fluorescent indicator, Peroxy Yellow 1 Methyl-Ester (PY1-ME), and apply this unique chemical tool to show that members of two of the three main types of aquaporins (e.g., aquaglyceroporins and unorthodox aquaporins), but not the other type (e.g., classical aquaporins), can mediate H 2 O 2 uptake across the plasma membrane of mammalian cells. Molecular imaging with PY1-ME in flow cytometry or confocal microscopy experiments reveals that canonical examples of an aquaglyceroporin and unorthodox aquaporin (AQP3 and AQP8, respectively), which are known to be permeated by molecules in addition to water, can facilitate H 2 O 2 uptake into mammalian cells, whereas an example of a classical aquaporin that is known only to transport water (AQP1) does not enhance membrane H 2 O 2 permeability. Moreover, we go on to show the physiological consequences of this newly discovered form of membrane H 2 O 2 regulation in mammalian cells. We focused these studies on the aquaglyceroporin isoform AQP3 owing to its wide expression in many tissues, including the kidney, skin, colon, spleen, stomach, small intestine, uninary bladder, and respiratory tract, with AQP3-knockout mice showing loss of kidney function, polyuric behavior, deficiencies in epidermal hydration, and propensity toward colitis (31) . Along these lines, we demonstrate at the cellular level that H 2 O 2 uptake mediated by AQP3 can amplify or diminish downstream native signaling pathways that rely on this ROS as a physiological messenger. Our findings challenge the notion that H 2 O 2 is freely diffusible through cell membranes and define a link between its membrane regulation and consequences for downstream signal transduction.
Results and Discussion
Design, Synthesis, and Properties of the New Chemoselective H 2 O 2 Indicator PY1-ME. Traditional fluorescent dyes used to probe H 2 O 2 typically rely on nonspecific general oxidations that can be modulated by a variety of ROS, which can complicate data interpretation (32) . We therefore sought to ensure that we could directly discriminate between H 2 O 2 uptake and transfer of the redox signal by other means. Accordingly, we developed a unique H 2 O 2 -specific fluorescent indicator, PY1-ME (Fig. S1A) , which combines a boronate-masked phenol for the selective detection of H 2 O 2 (10, (33) (34) (35) (36) (37) (38) (39) and an appended methyl-ester group designed to increase cellular uptake and retention upon cleavage by intracellular esterases; this latter feature makes the dye suitable for both fluorescence imaging and flow cytometry experiments. Because this probe relies on a specific molecular reaction between H 2 O 2 and the boronate to generate a fluorescence signal, rather than thiol-based chemistry that can occur by non-specific ROS oxidation or disulfide exchange, our chemical method affords a direct measure of H 2 O 2 in cellular specimens. Spectroscopic data show that PY1-ME features high selectivity for H 2 O 2 over other ROS, visible excitation and emission profiles, and a 12-fold turn-on dynamic range with sensitivity to micromolar levels of H 2 O 2 ( Fig. S1 B and C) .
Application of PY1-ME to Directly Establish that Select Types of AQP Channels Mediate H 2 O 2 Uptake in Mammalian Cells. Initial experiments tested whether overexpression of various types of AQPs would lead to increased intracellular H 2 O 2 uptake in a reconstituted mammalian system. Previous work established that the unorthodox aquaporin AQP8 but not the classical aquaporin AQP1 can facilitate the uptake of H 2 O 2 in yeast models (29) . We sought to test whether this same pattern would hold in mammalian cells, as well as explore whether aquaglyceroporins, the third major type of these channels, could affect membrane H 2 O 2 permeability. To this end, we transfected HEK 293 cells with either AQP expression or control vectors. Overexpression of each AQP was confirmed by Western blot analysis on cell lysates (Fig. S2 A  and B) . Aquaporin expressing or control cells were then loaded with PY1-ME, stimulated with H 2 O 2 or vehicle control, and analyzed by flow cytometry. As shown in Fig. 1A We next turned our attention to evaluating whether an aquaglyceroporin-type AQP would regulate membrane H 2 O 2 uptake in mammalian cells. We focused these studies on AQP3, owing to the wide tissue distribution of this aquaglyceroporin and phenotypes shown by AQP3 knockout mice (31) , including kidney duct malfunctions and polyuric behavior (40) , epidermal hydration deficiencies (41) , and propensity toward colitis (42) . At the cellular level, this aquaglyceroporin is known to facilitate diffusion of larger, alternative substrates to water (26) and is involved in cell migration and wound healing processes (43) . Because some of these cell migration and wound healing processes are redox dependent (43, 44) , we hypothesized that AQP3 may be involved in second-messenger signaling cascades utilizing H 2 O 2 . Indeed, many cell types, particularly colon cells (45, 46) and keratinocytes (47, 48) , possess the endogenous machinery to produce H 2 O 2 at the membrane through NADPH oxidase (Nox) proteins as well as high levels of AQP channels.
Overexpression of AQP3 was confirmed by Western blot analysis on cell lysates as well as immunostaining ( (Fig. 2E) . These experiments directly demonstrate that AQP3 is also able to increase the permeability of mammalian cells to exogenous H 2 O 2 .
Application of HyPer to Further Validate that AQP3 Facilitates H 2 O 2
Uptake in Mammalian Cells. After establishing that AQP3 and AQP8 but not AQP1 mediate H 2 O 2 uptake utilizing a chemoselective small-molecule, we sought to utilize a secondary method of H 2 O 2 measurement. For these experiments, we utilized the genetically encoded fluorescent H 2 O 2 sensor HyPer (49), which has reasonable selectivity for and high sensitivity to H 2 O 2 , and thus should permit the detection of very low levels of H 2 O 2 uptake and assure intracellular localization of the fluorescent reporter. Control HEK 293 cells exposed to 10 μM H 2 O 2 show no statistically significant fluorescence enhancements as determined by HyPer fluorescence ( Fig. 2A and Fig. S6 ). In contrast, AQP3-overexpressing HEK 293 cells exhibit a fluorescence increase within 2 min of H 2 O 2 addition ( Fig. 2A and Fig. S6 ). These data further show that AQP3 increases the permeability of mammalian cells to exogenous H 2 O 2 , and validates the use of HyPer as an alternative methodology for the detection of H 2 O 2 uptake.
AQP3-Mediated H 2 O 2 Uptake Influences Intracellular Signaling Cascades. After establishing that AQP3 can facilitate the uptake of H 2 O 2 by two independent imaging methods, we sought to determine whether AQP3-mediated H 2 O 2 accumulation could affect downstream intracellular processes. For these experiments we utilized HeLa cells, owing to their high number of signaling proteins and lack of endogenous AQP3 expression, to provide a clean reconstituted mammalian cell model. First we confirmed that AQP3 could also mediate H 2 O 2 uptake in this cell line. Control HeLa cells exposed to 10 μM H 2 O 2 show no statistically significant fluorescence enhancements as determined by HyPer fluorescence ( Fig. 2 B and C) . In contrast, AQP3-overexpressing HeLa cells exhibit a 50 AE 4% fluorescence increase within 2 min of H 2 O 2 addition ( Fig. 2 B and C) . We then sought to probe whether these differences in H 2 O 2 uptake obtained by the overexpression of AQP3 could affect downstream cell signaling pathways that rely on this ROS as a physiological effector molecule. In this context, a compelling relationship has emerged between H 2 O 2 signaling and the phosphorylation status of the serine/threonine kinase AKT/protein kinase B, a major node in cellular signal transduction (50) . ROS signals can amplify AKT signaling cascades in the forward direction through transient oxidative inactivation of the phosphatase and tensin homolog (PTEN) and other phosphatases that oppose AKT phosphorylation (21) . Accordingly, we utilized the phosphorylation status of AKT as a central marker for signal transduction that can be modulated by H 2 O 2 . Initial experiments tested the direct effects of H 2 O 2 on AKT phosphorylation. Serum-starved control HeLa cells do not exhibit increases in pAKT/AKT ratios upon addition of H 2 O 2 (Fig. 2D) . However, AQP3-overexpressing, serumstarved HeLa cells treated with H 2 O 2 for 20 min triggers a marked enhancement in AKT phosphorylation (Fig. 2D ). When correlated with the imaging data this result shows that AQP3 can enhance permeability of cells to H 2 O 2 and amplify downstream signaling that relies on this ROS as an intracellular messenger.
Endogenous AQP3 Levels Regulate H 2 O 2 Uptake. We next tested whether endogenously expressed AQP3 could also facilitate H 2 O 2 uptake and downstream intracellular signaling. For these experiments we turned our attention to HT29 human colon cancer adenocarcinoma cells, as this model naturally expresses both AQP3 (45) and Nox proteins (46) and possesses the requisite AKT signaling hub. We utilized an shRNA construct targeted against AQP3 and validated in HEK 293 cells (Fig. S2D) to knock down the expression of endogenous AQP3 in HT29 cells (Fig. 3B) . When control HT29 cells transfected with an shRNA construct targeting AQP4, an AQP isoform not found in this cell line, were treated with H 2 O 2 , we observed a ca. 20% increase in fluorescence intensity measured by HyPer (Fig. 3 A, C, and  D) . In contrast, AQP3-knockdown cells showed no significant fluorescence increase when exposed to an equivalent amount of H 2 O 2 ( Fig. 3 A, C, and D (Fig. 4 A and B) . We were unable to directly image Nox-generated H 2 O 2 upon EGF stimulation of basal HT29 cells under similar conditions, which is presumably due to the low levels of H 2 O 2 produced for signaling purposes that are under the detection limit of HyPer. These experiments do, however, establish that AQP3 can also enhance the uptake of endogenous H 2 O 2 . and then lysed. Phospho-AKT and AQP3 levels were measured by Western blot analysis of whole cell extracts, followed by stripping and reprobing for total AKT or Actin, respectively. As a more sensitive method for probing extracellular H 2 O 2 generation and its subsequent effects on intracellular processes, we then assayed the effects of endogenous AQP3 on Nox-derived H 2 O 2 uptake and signaling by Western blot analysis of AKT phosphorylation status. As expected, stimulation of HT29 cells with EGF causes a patent increase in AKT phosphorylation (Fig. 4D) . In contrast, stimulation with EGF in the presence of extracellular catalase, which will destroy any extracellular H 2 O 2 produced by Nox, abrogates AKT phosphorylation, demonstrating that extracellular H 2 O 2 production is linked to intracellular signaling processes. Similarly, EGF stimulation in the presence of diphenyleneiodonium (DPI), a general Nox/flavin inhibitor, also diminishes H 2 O 2 signaling through AKT. Finally, cells that have endogenous AQP3 levels knocked down by shRNA also show small but significant decreases in EGF-induced AKT phosphorylation when compared to control cells transfected with an AQP4 targeting shRNA (Fig. 4 E and F) , as shown by quantification of the Western data. Taken together, these data establish that endogenous extracellular H 2 O 2 produced by Nox at the cell surface is important for EGF signaling, and AQP3 plays a role in the transduction of that signal from the extracellular space to intracellular targets (Fig. 4C) . By showing that membrane regulation of H 2 O 2 in this manner can occur and is essential for intracellular signaling, these results provide a key piece of the puzzle for use of the reactive metabolite H 2 O 2 as a physiological effector while avoiding oxidative stress pathways but open the door to many new and interesting questions. In particular, the observation that RNAi knockdown of AQP3 does not abolish AKT signaling as much as the addition of extracellular catalase suggests that other H 2 O 2 membrane transport mechanisms may be at play, potentially either some passive membrane diffusion or regulation by alternative aquaporins or other proteins. In addition, other membrane and nonmembrane sources of H 2 O 2 could also be implicated in these types of signaling pathways, a hypothesis that is supported by that fact that DPI abolishes AKT signaling to a greater extent compared to addition of extracellular catalase.
Conclusions
In summary, our findings challenge the commonly held view that H 2 O 2 is freely diffusible across biological membranes and define a connection between its membrane regulation and downstream intracellular signaling. By utilizing PY1-ME, a unique H 2 O 2 -specific synthetic small-molecule dye, in conjunction with protein reporters to directly visualize differences in H 2 O 2 uptake in various cell lines as a function of AQP levels, we have established that specific types of AQP channels can regulate the uptake of H 2 O 2 in mammalian cells. In particular, canonical members of the aquaglyceroporin (AQP3) and unorthodox (AQP8) family of these channels mediate H 2 O 2 uptake through mammalian cell membranes, where a member of the classical type of aquaporin (AQP1) does not. Furthermore, AQP-mediated H 2 O 2 accumulation can amplify or diminish downstream signaling cascades that rely on this ROS as a physiological messenger. Interestingly, in this context, membrane H 2 O 2 regulation bears more resemblance to metal Ca 2þ signals that require channel entry rather than the related small-molecule signal NO that can freely diffuse through membranes.
The evidence presented in this report indicates that some, but not all, AQPs can facilitate the uptake of H 2 O 2 in mammalian systems, and that the ability to mediate H 2 O 2 transport may correspond to specific AQP classes (classical, aquaglyceroporin, unorthodox). This selectivity suggests that the expression profiles of AQPs could dictate the susceptibility of a particular cell or tissue to external H 2 O 2 signaling. Moreover, the notion that H 2 O 2 uptake is controlled at biological barriers has broad implications for AQP channels as regulators of redox signaling, with particularly tantalizing connections in the areas of cell migration and wound healing. For example, AQP3 facilitates cell migration through an EGF/EGFr dependent pathway (52) and can mediate wound healing in the epidermis via cell migration and proliferation through p38 MAPK-dependent pathways (43) . In addition, several reports have suggested a relationship between ROS fluxes and cell migration, based on imaging studies using nonspecific ROS indicators at the leading edge of migrating endothelial cells (53, 54) . Finally, an exciting discovery establishing the involvement of H 2 O 2 signaling in wound repair has been reported recently, in which H 2 O 2 generated by the Duox class of Nox proteins acts as a signaling molecule to attract leukocytes to EGF stimulation can activate a membrane-bound NADPH oxidase (Nox), which will then produce extracellular H 2 O 2 , which can then pass into the cell and modulate intracellular redox signaling. Diphenylene iodonium (DPI) will block the Nox production of H 2 O 2 and extracellular catalase (Cat) will destroy any H 2 O 2 produced outside of the cell. The genetic manipulation of AQP3 using shRNA will block any potential factilitated uptake of extracellular H 2 O 2 by this protein. (D) Extracellular catalase and DPI abrogate EGF signaling in HT29 cells. Serum-starved HT29 cells were either preincubated with 5 μM DPI or DMSO as a carrier control for 30 min. 5 mg∕mL catalase or water as a carrier control was then added while the cells were simulataneously stimulated with 100 ng∕mL EGF. Phospho-AKT was measured by Western blot analysis of whole cell extracts, followed by stripping and reprobing for total AKT. (E) HT29 cells were transfected with either AQP3 shRNA or AQP4 shRNA as a control, serum starved, stimulated with 100 ng∕mL EGF, and lysed at the various time points. Phospho-AKT was measured by Western blot analysis of whole cell extracts, followed by stripping and reprobing for total AKT. (F) Quantification of experiment as represented in (E) by analyzing 4 separate trials. pAKT normalized to total AKT and each experiment normalized to the t ¼ 0 pAKT/AKT ratio. Error bars are AEs:e:m.
the site of injury (44). The involvement of both H 2 O 2 fluxes and AQP channels in cell migration and wound healing raises the possibility that AQPs may modulate H 2 O 2 permeability as a general way to modulate its downstream effects, where regulation of AQP channels through various mechanisms, including differential expression, trafficking, or posttranslational modification may allow for discrimination between extracellularly generated ROS molecules such as H 2 O 2 or superoxide (O 2 − ). We are actively exploring these possibilities in a wide variety of model systems.
Materials and Methods
Antibodies. Rabbit anti-AQP3 polyclonal antibody was from Chemicon/Millipore. Goat anti-AQP3, rabbit anti-pAKT1/2/3, rabbit anti-AKT1/2/3, rabbit anti-AQP1, mouse anti-AQP8, goat antimouse IgG-HRP, and goat antirabbit IgG-HRP were from Santa Cruz Biotechnology. Bovine antigoat IgG-Cy3 was from Jackson Immuno Labs. Mouse antiactin was from Sigma.
Cell Culture and Transfection. Cell lines HEK293T and HeLa (ATCC) were maintained in DMEM (Invitrogen) supplemented with 10% FBS, 1% Nonessential amino acids, and 1% Gluta-MAX (Invitrogen). The HT-29 cell line (ATCC) was maintained in DMEM supplemented with 10% FBS. HEK293T cells were transfected with Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. HeLa cells were transfected with either Lipofectamine LTX (Invitrogen) or DreamFect Gold (OZ Biosciences) according to the manufacturer's instructions. HT-29 cells were transfected using the Nucleofector II device (Lonza), using the high efficiency program W-017. Human AQP3 cDNA was obtained from ATCC (clone ID: BC013566) in the vector pCMV-SPORT6. The AQP3 gene was subcloned into the mammalian expression vector pNice under control of the CMV promotor using NotI and EcoRI. Human AQP1 was obtained from Origene (clone ID: M77829) in the vector pCMV6-XL4. Human AQP8 was obtained from Origene (clone ID: AB013456) in the vector pCMV6-XL4. shRNA constructs were designed against human AQP3 (NM_004925.3) using OligoEngine design tools. Three sequences were selected based on specificity and predicted strength of knockdown and incorporated into a pSUPER.retro.neo vector according to the manufacturer's instructions:
241: 5′ ACCTGAACCCTGCCGTGAC 3′ 243: 5′ CTGAACCCTGCCGTGACCT 3′ 824: 5′ CAACGAGGAAGAGAATGTG 3′
Efficacy of the constructs was determined by cotransfection of the pSUPER construct along with AQP3 into HEK 293 cells (3∶1 ratio of pSUPER:AQP3 DNA), followed by analysis of AQP3 levels by Western blot, 24-48 h posttransfection. The construct targeted against 241 was selected for use in knock down studies.
Preparation of Cell Extracts and Immunoblotting. Following transfection, cells were grown to subconfluency of 60-90% and then serum-starved in DMEM without supplements overnight (HeLa) or for 1 h (HT-29). Appropriate stimulants were added and the cells incubated at 37°C. After stimulation, cells were cooled on ice, washed with ice-cold Dulbecco's phosphate buffered saline (DPBS), scraped into radioimmunoprecipitation (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, and 0.1% SDS) supplemented with protease inhibitors (Roche Complete MiniTab), and 1 mM Na 3 VO 4 , lysed for 30 min on ice, and clarified by centrifugation at 13.2 × 10 3 rpm for 10 min at 4°C. Protein concentration was determined by bicinchoninic acid (BCA) assay (Pierce), 4x Laemmli buffer (0.25 mM Tris, 2% SDS, 40% glycerol, 20% beta-mercaptoethanol, 0.04% bromophenol blue) was added, the samples denatured at 37°C for 20 min (for AQP8 blots), 70°C for 10 min (for AQP3 and AQP1 blots), or 95°C for 5 min (pAKT/AKT blots), and equal amounts of total protein were loaded onto 12% SDS-PAGE gels. Proteins were transferred to PVDF membranes (Immobilon, Millipore), blocked for 1 h in 5% nonfat dry milk in wash buffer (10 mM Tris, pH 7.5, 100 mM NaCl, 0.1% Tween-20), and incubated overnight at 4°C in primary antibody (1∶1000, x pAKT1/2/3, x AKT1/2/3; 1∶500 x AQP3; 1∶5000 x actin). Membranes were washed 5 times for 5 min in wash buffer, incubated 1 h at room temperature with 1∶1000 secondary antibody, washed 5 times for 5 min in wash buffer, and then visualized using enhanced chemiluminescence (Western Lightning, Perkin-Elmer) recorded on a BioRad GelDoc imaging station. Densitometic analysis was performed using QuantityOne software (BioRad). Blots were stripped using Restore stripping buffer (Fisher) or 50 mM Tris pH 6.8, 2% SDS, 100 mM 2-mercaptoethanol (BME) at 55°C for 17 min.
Immunocytochemistry. Cells plated on 15 mm coverslips were fixed in 4% paraformaldehyde, permeabilized in PBST (PBS þ 0.3% Triton X-100), blocked in 2% FBS in phosphate buffered saline Tween-20 (PBST), incubated with 1∶1000 goat anti-AQP3 followed by bovine antigoat IgG-Cy3, and mounted before imaging using an epifluorescence microscope.
Cell Sorting. HEK293T cells were plated at 2.5 × 10 5 well in a 24-well tray. One day after plating, cells were transfected with equal amounts (250 ng) of AQP expression vector or control vector and monomeric red fluorescent protein (mRFP) using Lipofectamine LTX. 48 h after transfection, cells were washed once with DPBS and incubated with 5 μM PYME in DPBS for 15 min at 37°C. Cells were then treated with 50 μM H 2 O 2 or buffer and incubated for 30 min at 37°C. After treatment, cells were typsinized, resuspended in DPBS, and sorted by mRFP fluorescence. The mean PYME fluorescence of mRFP-positives in the AQP and control cells was measured.
Confocal Microscopy. Subconfluent HEK293T cells were plated on polylysinecoated 15 mm coverslips and transfected with mRFP and AQP3 or control vector. 24-48 h posttransfection, cells were washed with DPBS, and incubated with 5 μM PYME in DPBS for 15 min at 37°C. Following incubation, H 2 O 2 was added to give a final concentration of 50 μM and incubated for another 30 min at 37°C. Cells were then washed with DPBS and imaged with a Zeiss 510 Axioplan equipped with a META detector and an Achroplan 40x/0.8 NA water immersion lens. Excitation for PYME was provided at 514 nm, with emission collected from 516-569 nm. Excitation for mRFP was provided at 543 nm, with emission collected from 601-676 nm. Regions of interest were generated within mRFPþ cells and the mean PYME fluorescence from these regions of interest (ROI) were measured using ImageJ.
HyPer Imaging. Subconfluent HEK293T or HeLa cells plated on polylysinecoated 15 mm coverslips were transfected with equal amounts of AQP3 or control vector and HyPer and allowed to grow to approximately 80-90% confluency. Prior to imaging, the coverslips were transferred to 2 mL of DPBS (no Ca 2þ or Mg 2þ ) in a 35 mm petri dish with a 14 mm glass microwell (MatTek). Images were acquired every 20 s to establish baseline fluorescence and then 1 mL of 3x H 2 O 2 was added to the dish. The mean fluorescence intensity of HyPer-expressing cells was monitored over time using an Axiovert 200M equipped with an AxioCam MRm. The fluorescence intensity immediately before H 2 O 2 addition was set to 1.00 and quantified using ImageJ. Excitation was provided by an X-Cite series 120 lamp using a filter cube containing a bandpass excitation filter at 470∕40, a beamsplitter at 495, and a bandpass emission filter at 525∕50. HT-29 imaging was done in a similar manner except that Hank's Balanced Salt Solution (HBSS) with Ca 2þ and Mg 2þ was used instead of DPBS and a final concentration of 100 μM H 2 O 2 was used instead of 10 μM H 2 O 2 . For EGF imaging, HT-29 cells were starved in DMEM for 1 h prior to imaging. As with H 2 O 2 imaging experiments, 3x EGF (Upstate/ Millipore) was added to give a final concentration of 100 ng∕mL. 
